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Abstract
Upon TCR stimulation by peptide-MHC complexes, CD4+ T cells undergo activation and

proliferation. This process will ultimately culminate in T-cell differentiation and the acquisi-

tion of effector functions. The production of specific cytokines by differentiated CD4+ T cells

is crucial for the generation of the appropriate immune response. Altered CD4+ T-cell activa-

tion and cytokine production result in chronic inflammatory conditions and autoimmune dis-

orders. miRNAs have been shown to be important regulators of T-cell biology. In this study,

we have focused our investigation on miR-20a, a member of the miR-17-92 cluster, whose

expression is decreased in patients suffering from multiple sclerosis. We have found that

miR-20a is rapidly induced upon TCR-triggering in primary human naïve CD4+ T cells and

that its transcription is regulated in a Erk-, NF-κB-, and Ca++-dependent manner. We have

further shown that overexpression of miR-20a inhibits TCR-mediated signaling but not the

proliferation of primary human naïve CD4+ T cells. However, miR-20a overexpression

strongly suppresses IL-10 secretion and moderately decreases IL-2, IL-6 and IL8 produc-

tion, which are crucial regulators of inflammatory responses. Our study suggests that miR-

20a is a new player in the regulation of TCR signaling strength and cytokine production.

Introduction
CD4+ T-helper cells play a crucial role in the immune response. Triggering of the T-cell recep-
tor (TCR) by antigens generates a signaling cascade culminating in transcriptional activation,
proliferation, differentiation and the generation of a specific T-cell response [1]. An aberrant
T-cell activation and differentiation may result in chronic inflammation and autoimmune reac-
tions. Therefore, to prevent severe immunopathological conditions, signaling via the TCR
must be tightly regulated.

During the last years, miRNAs have emerged as crucial regulators of T-cell functions and
hence have become the target for pharmacological intervention to treat human diseases in

PLOSONE | DOI:10.1371/journal.pone.0125311 April 17, 2015 1 / 17

OPEN ACCESS

Citation: Reddycherla AV, Meinert I, Reinhold A,
Reinhold D, Schraven B, Simeoni L (2015) miR-20a
Inhibits TCR-Mediated Signaling and Cytokine
Production in Human Naïve CD4+ T Cells. PLoS
ONE 10(4): e0125311. doi:10.1371/journal.
pone.0125311

Academic Editor: Jon C.D. Houtman, University of
Iowa, UNITED STATES

Received: December 5, 2014

Accepted: March 11, 2015

Published: April 17, 2015

Copyright: © 2015 Reddycherla et al. This is an
open access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The work was supported by grants from
the Deutsche Forschung Gemeinschaft (DFG) to LS
and BS (GRK1167/TP12), and to LS (SFB854/TP19).
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0125311&domain=pdf
http://creativecommons.org/licenses/by/4.0/


which T cells are implicated. miRNAs are a class of small non-coding RNAs of approximately
22 nucleotides in length that function as suppressors of protein expression [2]. They bind to 3’
UTRs of target mRNAs, thus inducing either their degradation or suppressing their translation.
miRNAs regulate several aspects of T-cell biology. A recent work has shown that miR-181a,
which is highly expressed in thymocytes, can modulate TCR signaling strength and T-cell de-
velopment by directly targeting certain phosphatases [3]. miRNAs can also modulate the pro-
liferation and differentiation of mature T cells in the periphery. For example, it has been shown
that miR-182 can be induced by IL-2 and is involved in clonal expansion of T-helper cells by
targeting Foxo1, an inhibitor of cell cycle progression [4]. Additionally, miR-29 set the thresh-
old for Th1/Th2 differentiation [5–7]. miR-155 has been shown to be important for the surviv-
al of regulatory T cells (Treg cells) [8]. It has also been shown that miR-326 plays an exclusive
role in Th17 differentiation [9], whereas, miR-31 appears to regulate T-cell activation [10].

More recently, the miR-17-92 cluster has been shown to promote and regulate the differen-
tiation of follicular helper T cells (Tfh), a T-cell subset required for B-cell responses and anti-
body production [11, 12]. This cluster comprises six miRNAs: miR-17, miR-18a, miR-19a,
miR-19b, miR-20a, and miR-92a [13]. In addition to the regulation of T-helper cell differentia-
tion, the miR-17-92 cluster is also required for the pro-B to pre-B transition during B-cell de-
velopment [14]. In vivo studies have shown that mice deficient for the miR-17-92 cluster die
prematurely [14], whereas transgenic overexpression of the cluster results in severe life threat-
ening lymphoproliferative and autoimmune disorders [15]. In addition to its crucial roles in
the immune system, the miR-17-92 cluster has also been shown to regulate cell cycle progres-
sion in various cell types by targeting E2F family proteins, P21 and Rbl2 [16–18]. Collectively,
these data have demonstrated that the miR-17-92 cluster plays a key role in cell functions. Nev-
ertheless, it is not yet completely understood whether the individual members of this cluster
have unique functions. This hypothesis is supported by the following observations. First, intra-
cellular levels of individual miRNAs significantly varied within mouse CD4+ T cells [19]. Sec-
ond, whole blood cells from multiple sclerosis (MS) patients under-express miR-17 and miR-
20a, whereas the expression of the other members of the cluster is not affected [20]. This sug-
gests that post-transcriptional regulatory mechanisms allow the selective expression of individ-
ual members of this cluster in a particular cellular context. In addition, the functional
dissection of the miR-17-92 cluster has also revealed that individual members of the cluster
have specific functions. In fact, miR-19b and miR-17 regulate T-cell expansion, Th1 responses,
and inhibit iTreg differentiation [19], whereas miR-17 and miR-20a appear to repress the tran-
scription of genes involved in T-cell activation in the Jurkat T-cell line [20].

Here, we have focused our attention on miR-20a, as its expression is rapidly induced (within
minutes) upon T-cell activation. When overexpressed in human naïve CD4+ T-helper cells,
miR-20a inhibits TCR-mediated signaling, CD69 expression, and decreases cytokine produc-
tion. Collectively, we have demonstrated that miR-20a alone plays a role in the regulation of
TCR signaling strength and in cytokine production of CD4+ T cells.

Materials and Methods

Ethics
Approval for these studies involving the analysis of TCR-mediated signaling in human T cells
was obtained from the Ethics Committee of the Medical Faculty at the Otto-von-Guericke Uni-
versity, Magdeburg, Germany with the permission number [107/09]. Informed consent was
obtained in writing in accordance with the Declaration of Helsinki.
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Human T-cell purification and culture
Human naïve CD4+ T cells were isolated as previously described [21], using human naïve
CD4+ T-cell isolation kit (Miltenyi Biotech).

miRNA expression analysis
Total RNA from approximately 18 nucleotides upwards was isolated using miRNeasy kit
(Quiagen), according to the manufacturer’s instructions. Equal amounts of total RNA from
each sample was used for reverse transcription of miRNAs using the miScript II RT kit sup-
plied by Qiagen. Real-time PCR analysis was done by using miScript SYBR Green PCR kit
(Qiagen) and the ABI Prism 7000 Sequence Detection System (Applied Biosystem). 3 ng (for
mature miRNA) and 15 ng (for precursor miRNAs) from each sample were used for the Real-
time PCR analysis. The small RNA, RNU6B was used as reference gene and the primers for the
detection of mature miRNAs, miRNA precursors (both pri- and pre-miRNAs), and the refer-
ence gene (RNU6B) were purchased from Qiagen (miScript Primer Assays). Differences in
gene expression were calculated by the Δ Δ Ct method and the data were normalized to the ref-
erence gene RNU6B. The quality and quantity of RNA and cDNA was evaluated by measuring
the OD at 260 and 280 nm with Ultrospec 3000 (Pharmacia Biotech).

To investigate transcriptional regulation of miR-20a, 1x106 cells were pre-incubated with
U0126 (10 μM; Cell Signaling), IKK VII (200 nM; Calbiochem), or EGTA (10 mM; Sigma-Al-
drich) for 30 min at 37° C and were stimulated with plate-bound antibodies as described
above. DMSO (Sigma-Aldrich) was used as negative control. Expression of miR-20a precursors
was investigated as described above.

Overexpression of miR-20a
For miR-20a overexpression studies, a BLOCK-iT Pol II miR RNAi Expression Vector Kit
(Invitrogen) was used to generate a vector coding for either miR-20a or a miR-control. The
pre-miR-20a sequence was derived from the miRBase database (http://microrna.sanger.ac.uk/)
and was chemically synthesized (Biomers.net). The pre-miR-20a sequence additionally in-
cludes overhangs for cloning into the pcDNA 6.2-GW/EmGFP-miR vector (Invitrogen). The
following sequences were designed: Top strand: 5’-GTAGCACTAAAGTGCTTA TAGTG
CAAGTAGTGTTTAGTTATCTACT GCATTATGAGCACTTAAAGTACTGC-3’.

Bottom strand: 3’–GCAGTACTTTAAGTGCTCATAATGCAGTAGATAACTAAACAC
TA CCTGCACTATAAGCACTTTAGTGCTA-5’. A negative control plasmid was included in
the BLOCK-iT Pol II miR RNAi Expression Vector Kit (Invitrogen). For overexpression, 1 x
106 human naïve CD4+ T cells were transfected with 1 μg of either miR-control or miR-20a ex-
pressing plasmids using AMAXA nucleofection kit (Lonza) according to the manufacturer’s in-
structions. After transfection T-cells were transferred to 6-well culture plates containing RPMI
1640 medium (Biochrome) supplemented with 10% FCS and 2 μg/mL Ciprobay and incubated
for 16 h before use.

Suppression of miR-20a
To suppress miR-20a, DNA sequences complementary to the miR-20a (Decoy) were chemically
synthesized from biomers.net. The following decoys were used; miR-20a Decoy: 5’-CTAAACAC
TACCTGCACTATAAGCACTTTAGTGCTAC-3’; Scramble decoy: 5’-GAAATGTACTGCGC
GTGGAGACGTTTTGGCCACTGAC-3’. Briefly, human naïve CD4+ T cells were washed with
PBS and resuspended in OPTI-MEM I (Gibco). 1 x 106 human naïve CD4+ T cells were trans-
fected with 1 μMof either miR-20a decoy or scramble control using Genepulser Xcell (BIO-RAD),
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rested for 16h in 6-well culture plates containing RPMI 1640 medium (Biochrome) supplemented
with 10% FCS and 2 μg/mL Ciprobay before use.

Western blotting
For Western blot analyses, T cells were stimulated with antibody-coated microbeads and cell
lysates were prepared and assayed as previously described [21, 22]. The following antibodies
were used for Western blotting: anti-pY319Zap-70, anti-pY171LAT, anti-pY738PLC-γ, anti-
pT202/Y204Erk1/2, STAT3, BIM, PTEN (all from Cell Signaling), Total Lck, PLC-γ, SLP-76,
SOS (all from Santa Cruz), ZAP-70, LAT, GADS (Upastate), Erk (Promega) and anti-β-actin
(Sigma-Aldrich). Quanitification of the Western blots was performed as previously described
[22]. Briefly, densities of detected bands on blots were acquired using Epson Perfection V700
Photo Scanner (Epson) and the net intensity of bands was quantified by using ImageQuant
software (Kodak) and the values were normalized to corresponding β-actin.

Immunoprecipitation
Primary human naïve CD4+ T cells (3×107) were either left untreated or stimulated with iAbs
for the indicated periods of time. Cells were lysed in 1% Brj58 or 1% lauryl maltoside (N-dode-
cyl β-maltoside), 1% IGEPAL CA-630, 1 mM Na3VO4, 1 mM PMSF, 10 mMNaF, 10 mM
EDTA, 50 mM Tris pH 7.5, and 150 mMNaCl, and cleared by centrifugation. TCRz chains
were then immunoprecipitated with agarose-conjugated CD3z (Santa Cruz Biotechnology) an-
tibody followed by recombinant protein A-agarose beads (Santa Cruz Biotechnology) at 4°C
overnight. After washing, TCRz immunoprecipitates were resolved by SDS-PAGE, transferred
to a nitrocellulose membrane (Amersham), and analyzed by immunoblotting with the indicat-
ed antibody.

Ca++ measurement
To measure Ca++ flux, cells were transfected with miRNA vectors as described above and incu-
bated with 4 μM Indo-1 AM (Invitrogen, Molecular Probes) at 37°C for 45 min. Cells were
then washed, resuspended in Hank’s buffer (Biochrome), and stimulated with soluble CD3ε
(clone MEM 92, kindly provided by V. Horejsi, Academy of Sciences of the Czech Republic,
Czech Republic) and CD28 (clone 248.23.2; [23]) mAbs. Ca++ flux was measured on a LSRII
flow cytometer (BD Biosciences). Ionomycin was added to the samples at the end of the mea-
surement as a positive control to measure maximum Ca++ flux. Raw data were transferred to
FlowJo V3.6.1 (Tree Star, USA) for the analysis.

Functional assays
Human naïve CD4+ T cells were isolated and transfected with miRNA vectors as described
above. 16 hours after transfection, 1x106 cells were seeded onto 48-well plates that were coated
with goat anti-mouse IgG + IgM (H+L) (Dianova) at a concentration of 4.5 μg/mL and with
mouse-anti-human CD3ε (clone MEM 92, kindly provided by V. Horejsi, Academy of Sciences
of the Czech Republic, Czech Republic) or mouse-anti-human CD28 hybridoma supernatents
(clone 248.23.2; [23]). For CD69 expression T cells were cultured for 5 h. Subsequently, cells
were stained with APC-conjuagated CD69 mAbs (BD Bioscience) at 1:10 dilution and incubat-
ed at 4°C for 15 min. T cells were then washed with cold PBS and the surface expression of
CD69 was measured by flow cytometry (LSRFortessa, BD Biosciences). Analysis was done with
FlowJo V3.6.1 (Tree Star, USA). For cytokine measurements, T cells were cultured for 48 h in
X-VIVO 15 serum free medium (Lonza). Subsequently, supernatants were collected and

miR-20a a Novel Inhibitor of T-Cell Functions

PLOS ONE | DOI:10.1371/journal.pone.0125311 April 17, 2015 4 / 17



cytokine concentrations were measured by ELISA (R&D Systems) or by Multiplex Cytokine
Assay (Bio-Rad) according to manufacturer’s instructions.

For proliferation, transfected human naïve CD4+ T cells were labeled with 5 μMAlexa Fluor
700 (eBioscience) for 10 min at 37°C. After washing, 1.5×106 cells were seeded in 24 well plate
and cultured in 1000 μL RPMI (supplemented with 10% FCS and antibiotics). Cells were either
left unstimulated or stimulated with plate bound antibodies as described above and were cul-
tured for 60 h at 37°C, 5% CO2. Proliferation was assessed by Alexa Fluor 700 dye dilution by
flow cytometry by gating on GFP+ cells using a BD LSRFortessa, FACSDiva Software 6.1.3 (BD
Biosciences), and FlowJo V3.6.1 (Tree Star, Inc.).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5. P values were determined by two
tailed Student’s t Test. P values< 0.05 were considered as significant.

Results

miR-20a is upregulated upon T-cell activation
To investigate whether miR-20a is involved in human naïve CD4+ T-cell activation, we first de-
termined the expression pattern of miR-20a upon TCR triggering. Freshly purified naïve CD4+

T cells from healthy donors were stimulated with plate-bound CD3 and CD28 monoclonal anti-
bodies (mAbs). As shown in Fig 1A, the expression of miR-20a was rapidly (within 2 h) and sig-
nificantly upregulated after T-cell stimulation. In addition to a rapid induction, the expression of
miR-20a was also sustained up to 48 h and decreased thereafter to the basal level (Fig 1A).

Mature miRNAs are processed from miRNAs precursors, which are the result of miRNA
gene transcription [24]. To investigate whether miRNA-20a is de novo transcribed upon TCR
stimulation, we analyzed the expression of miRNA-20a precursors (both pri- and pre-miR-
NAs). Real-time quantitative PCR (RT qPCR) analysis showed that the expression of miR-20a
precursors (both pri- and pre-miRNAs) was induced very rapidly (detectable already after
30 min) upon TCR triggering (Fig 1B). These data indicate that miR-20a is rapidly synthesized
upon T-cell activation and suggest that it may play a role in early activation events.

TCR-mediated transactivation of miR-20a depends on Erk, Ca++ and
NF-κB
Signals transduced via the TCR result in the activation of AP1, NF-κB and NFAT, three key
transcription factors required for the induction of crucial genes (e.g. IL-2) and hence for T-cell
proliferation. Activation of AP1, NF-κB and NFAT depends on the activation of Erk, IKK and
on Ca++ flux, respectively. To investigate whether these signaling pathways are also involved in
the transactivation of miR-20a in response to TCR stimulation, we measured the levels of miR-
20a precursors in activated CD4+ T-cells in the presence or absence of U0126, IKK VII, and
EGTA which selectively inhibit the activation of Erk, NF-κB, and inhibit Ca++ flux, respective-
ly. As shown in Fig 1C, transcription of miR-20a was inhibited about 50% and 85% upon treat-
ment with IKK VII and U0126, respectively, compared to control cells treated with DMSO
alone. Interestingly, inhibition of Ca++ flux by EGTA completely abolished the expression of
miR-20a precursors. Collectively, these results suggest that miR-20a transcription strongly de-
pends on Ca++ flux, and Erk signaling and to a lesser extent on NF-κB activity.
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miR-20a negatively regulates TCR-mediated signaling
Having shown that miR-20a is rapidly induced upon TCR stimulation and that its expression
depends on transcription factors which are crucial for T-cell functions, we next assessed wheth-
er miR-20a is involved in the regulation of T-cell activation. We performed overexpression
studies using human naïve CD4+ T cells. In order to overexpress miR-20a, we cloned the
human pre-miR-20a sequence into a pcDNA6.2-GW/EmGFP miR expression vector. A plas-
mid coding for a miR-scrambled sequence, which does not target any known vertebrate gene,
was used as control. Using this system we were able to achieve a moderate overexpression
(about 3 folds, Fig 1D) of miR-20a in resting CD4+ T cells with about 70% transfection efficien-
cy (data not shown). The overexpression levels were comparable to the physiological levels

Fig 1. Expression of miR-20a andmiR-20a precursors in human naïve CD4+ T cells. Human naïve CD4+ T cells were stimulated with plate-bound CD3
and CD28 mAbs for the indicated time periods. Quantification of (A)miR-20a and (B)miR-20a precursors (both pri- and pre-miRNAs) was performed using
RT qPCR. (C) Naïve CD4+ T cells were also preincubated with DMSO, U0126 (10 μM), IKK VII (200 nM) and EGTA (10 mM) for 30 minutes. Subsequently,
samples were either left unstimulated or stimulated with plate-bound CD3 for 4 hours at 37°C. Expression of miR-20a precursors was quantified using RT
qPCR. (D)Quantification of miR-20a level upon overexpression. Human naïve CD4+ T cells were transfected with plasmids encoding either miR-20a or miR-
control (miR-Ctrl). Cells were either left unstimulated or stimulated for 2 hours with CD3xCD28mAbs. Quantification of miR-20a in both resting and activated
cells was performed using real-time PCR. Unless otherwise mentioned, all the data was normalized to either resting cells or unstimulated control transfected
cells. Data represent arbitrary units ± SEM of at least 3 (A, C, D) and 2 (B) independent experiments. Significant P values were done by using Student’s t
Test. (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

doi:10.1371/journal.pone.0125311.g001
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found in activated human primary naïve CD4+ T cells (Fig 1A). Efficient overexpression of
miR-20a was also observed upon TCR stimulation of resting CD4+ T cells (Fig 1D).

Following TCR stimulation, two key tyrosine kinases, Lck and Zap-70, initiate signaling
leading to gene transcription and T-cell responses [25]. Lck and Zap-70 activation is required
for the formation of a signaling complex organized by the transmembrane adaptor protein
LAT, which in turn will orchestrate the activation of PLC-γ1. PLC-γ1 generates second mes-
sengers mediating Ras-Erk1/2 signaling, PKCθ-CBM, and Ca++-Calcineurin pathways, which
result in turn in the activation of AP-1, NF-κB, and NFAT, respectively. To investigate whether
miR-20a regulates T-cell activation, we initially performed a biochemical analysis of TCR sig-
naling. Freshly purified naïve CD4+ T cells were transfected with plasmid encoding either miR-
20a or miR-control. Subsequently, cells were stimulated with CD3 and CD28 mAbs immobi-
lized on microbeads (iAbs). As shown in Fig 2A and 2B, overexpression of miR-20a inhibits
the TCR-mediated phosphorylation of Zap-70, LAT, PLC-γ, and Erk1/2. In addition, overex-
pression of miR-20a results in the constitutive activation of p38 mitogen- activated protein ki-
nase (Fig 2A and 2B). Moreover, it appears that p38 phosphorylation cannot be further
induced upon TCR stimulation in cells overexpressing miR-20a. Given that activated PLCγ-1
mediates Ca++ signaling by generating IP3, a decrease in the phosphorylation of PLCγ-1 upon
miR-20a overexpression should also result in the reduction of the release of intracellular Ca++

in response to TCR stimulation. As expected, we have found that miR-20a overexpressing cells
showed indeed a reduction in Ca++ flux compared to cells expressing miR-negative control
(Fig 2C and 2D). We next assessed whether, miR-20a affects the activation of signaling mole-
cules upstream of Zap-70. However, we did not observe any decrease in the phosphorylation of
CD3z (Fig 2A and 2B). To test whether the inhibition of TCR-mediated signaling is due to a re-
duction in the recruitment of Zap-70 to CD3z, we performed CD3z immunoprecipitations. As
shown in Fig 2E and 2F, we observed a slight dicrease in the recruitment of ZAP70 to CD3z
upon miR-20a overexpression compared to miR-control. Collectively, these data indicate that
miR-20a regulates TCR-mediated signaling at the level of Zap-70 activation.

To exclude the possibility that the overexpression of miR-20a affects the expression of cru-
cial signaling molecules, we performed additional experiments. We have found that overex-
pression of miR-20a does not affect the expression of Lck, Zap-70, LAT, PLC-γ, SLP-76,
GADS, Sos1, Erk in resting (Fig 3A) as well as in activated CD4+ T cells (data not shown). Fur-
thermore, there is also no difference observed in the expression levels of BIM, PTEN and
STAT3 that have been previously shown to be the targets of the miR-17-92 cluster in both rest-
ing (Fig 3A) and activated CD4+ T cells (data not shown). Moreover, to exclude the possibility
that defective TCR signaling is due to reduced receptor levels, we also examined the expression
of CD3 and CD28. FACS analyses revealed that miR-20a overexpression does not change the
densities of CD3 and CD28 on the cell surface compared to control (Fig 3B).

In order to shed more light onto the function of miR-20a in TCR-mediated signaling, we
performed inhibition experiments using a miR-20a decoy. As shown in Fig 4A, we were able to
achieve an efficient suppression (about 80%) of miR-20a in resting CD4+ naïve T cells. Howev-
er, 45 minutes after TCR stimulation inhibition was less efficient, as decoy-treated CD4+ T
cells displayed only 35% reduction of miR-20a expression compared to scrambled controls
(Fig 4A). When we assessed TCR-mediated signaling, we observed an increase in the phos-
phorylation of different signaling molecules upon treatment with miR-20a decoy (Fig 4B and
4C). These data are in agreement with the overexpression data and support the hypothesis that
miR-20a is a negative regulator of TCR-mediated signaling. However, the difference between
decoy- and scrambled-treated T cells is only minor. Based upon these data, we used the overex-
pression system for further analyses.
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Fig 2. miR-20a inhibits TCR-mediated signaling.Human naïve CD4+ T cells were transfected with plasmids encoding either miR-20a or miR-control
(miR-Ctrl) and cultered for 16 hours. (A) Cells were stimulated with microbeads coated with CD3 and CD28mAbs (iAbs) for the indicated time periods.
Subsequently, lysates were analyzed by immunoblotting using the indicated Abs. Bands in (A) were quantified using the ImageQuant software and values
were normalized to the corresponding β-actin signal. Graphs in (B) show the phosphorylation levels of the indicated molecules as arbitrary units ± SEM of at
least 4 independent experiments. (C) CD4+ T cells were incubated with Indo-1AM, stimulated with CD3 and CD28 mAbs, and Ca++ flux was measured by
flow cytometry. Ionomycin is used to induce maximum Ca++ flux. Graph in (D) shows quantification of Ca++ flux expressed as arbitrary units ± SEM of at least
3 independent experiments. (E)CD4+ T cells were stimulated with iAbs for the indicated time periods. Subsequently, cell lysates were prepared and CD3ζ
immunoprecipitations were analyzed by immunoblotting using the indicated Abs. Bands in (E)were quantified as described above. Graph in (F) shows the
levels of CD3ζ-associated Zap-70 as arbitrary units ± SEM of 2 independent experiments. Significat P values were done by using Student’s t Test. (*,
P < 0.05; **, P < 0.01; ***, P < 0.001).

doi:10.1371/journal.pone.0125311.g002
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Reduced CD69 expression but normal T-cell proliferation upon miR-20a
overexpression
TCR triggering result in a rapid transcription of the CD69 gene, an early T-cell activation
marker whose expression depends on the Ras-Erk cascade [26, 27]. As TCR-mediated signaling
is defective upon overexpression of miR-20a, we next tested whether miR-20a also affects T-
cell activation at a transcriptional level and we measured CD69 expression as a read-out sys-
tem. As shown in Fig 5A and 5B, overexpression of miR-20a significantly decreased CD69 ex-
pression compared to cells transfected with miR-control.

At later stages, T-cell activation results also in CD25 expression and IL-2 production, which
lead to proliferation and expansion of T cells. We next assessed whether these processes are

Fig 3. miR-20a does not affect the expression of signalingmolecules and CD3 and CD28 receptors.
(A) Lysates from T cells transfected with either miR-20a or miR-control were prepared and analyzed by
immunoblotting using the indicated Abs. (B) CD4+ T cells overexpressing either miR-20a or miR-control cells
were stained with antibodies against CD3 and CD28 and analyzed by flow cytometry. Histograms overlay
show the expression of CD3 (left) and CD28 (right) in miR-20a versus miR-control transfected cells.

doi:10.1371/journal.pone.0125311.g003
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affected upon overexpression of miR-20a. We have found that CD25 is upregulated to similar
levels in both control and miR-20a overexpressing cells (data not shown). Finally, also CD4+

T-cell proliferation was not affected upon miR-20a overexpression (Fig 5C). Thus, these data
corroborate the idea that miR-20a is involved in the regulation of early transcriptional events
during the activation of T cells [20], but it appears to be dispensable for T-cell proliferation.

Fig 4. Inhibition of miR-20a slightly increases TCR-mediated signaling.Human naïve CD4+ T cells were transfected with miR-20a or scramble decoys.
(A)Quantification of miR-20a expression in resting and in stimulated cells upon stimulation with plate-bound CD3 and CD28 mAbs for 45 min was performed
using RT qPCR. (B) 16 hours after transfection, cells were stimulated with microbeads coated with CD3 and CD28 mAbs for the indicated time periods.
Subsequently, lysates were analyzed by immunoblotting using the indicated Abs. Bands in (B) were quantified using the ImageQuant software and values
were normalized to the corresponding β-actin signal. Graphs in (C) show the phosphorylation levels of the indicated molecules as arbitrary units ± SEM of 3
independent experiments. Significat P values were calculated by using Student’s t Test. (*, P < 0.05).

doi:10.1371/journal.pone.0125311.g004
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miR-20a inhibits cytokine production
We next investigated whether miR-20a is involved in the regulation of cytokine production.
We measured cytokines such as IL-2, IL-4, IL-6, IL-8, IL-10, IFN-γ, TGF-β and TNF-α. As
shown in Fig 6A, overexpression of miR-20a moderately decreased the production of IL-2, IL-
6, IL-8, but strongly inhibited IL-10 secretion compared to miR-control. On the other hand,
overexpression of miR-20a did not affect the release of other cytokines such as IL-4, IFN-γ,
TGF-β and TNF-α. Absolute cytokine concentrations are provided in Fig 6B. Collectively, our
data indicate that miR-20a play an important role in cytokine production in CD4+ T cells.

Discussion
CD4+ T cells are not only key regulators of immune responses but are also involved in patho-
logical processes such as allergy, chronic inflammation and autoimmunity. During the last
years, it has been shown that miRNAs are involved in the regulation of T-cell development and
differentiation [28]. Recently, the miR-17-92 cluster has emerged as a pivotal regulator of im-
mune cells. Transgenic overexpression of this cluster in mice leads to spontaneous activation of
the lymphocyte compartment associated with severe lymphoproliferative disorders [15]. In
agreement with these observations, the miR-17-92 cluster is frequently overexpressed in he-
matopoietic malignancies [29]. It has been additionally shown that its deletion leads to defects
in B-cell development and increased B-cell apoptosis [14]. Interestingly, miR-17-92 cluster reg-
ulates differentiation of helper CD4+ T cells. In particular, it promotes Tfh responses [11, 12]
and is required for the fitness of regulatory T cells [30]. In CD8+ T cells, this cluster regulates
effector and memory CD8+ T-cell differentiation by targeting multiple negative regulators of
the PI3K-Akt-mTOR axis, such as PTEN, PD1 and BTLA [31]. Recently, the function of the in-
dividual members of this cluster has also become focus of research. It has been shown that
miR-17 and miR-19b regulate Th1 and prevents inducible Treg differentiation by targeting
PTEN, TGFβRII, and CREB1 [19], and also promote Th17-mediated inflammation by target-
ing PTEN and IKZF4 [32] in mouse CD4+ T cells.

Fig 5. miR-20a inhibits early T-cell activation events.Human naïve CD4+ T cells were transfected with either miR-20a or miR- control expression
plasmids. (A) 16h after transfection, cells were stimulated with immobilized CD3xCD28 mAbs for 6 hours and stained with an APC-conjugated CD69 mAb.
Surface expression of CD69 was measured by flow cytometry. One representative experiment of 4 is shown. Graph in (B) represents relative mean
fluorescent intensity (MFI) of CD69 expression of miR-20a overexpressing cells compared to miR-control. (C) Alexa Fluor 700 labelled cells were either left
unstimulated or stimulated with platebound CD3xCD28 antibodies for 60 hours. Proliferation of cells was then analysed by flow cytometry by measuring the
dilution of the fluorochrome by gating on GFP+ cells. Data represent arbitrary units ± SEM of at least 3 independent experiments. Significat P values were
done by using Student’s t Test. (***, P < 0.001).

doi:10.1371/journal.pone.0125311.g005
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Here, we have selectively investigated the function of miR-20a in human naïve CD4+ T
cells. In fact, it has been shown that miR-20a represses transcriptional activation in the Jurkat
T-cell line and was found to be decreased in multiple sclerosis patients’ whole blood samples
[20]. We have found that miR-20a is rapidly induced upon stimulation of the TCR and that its
expression depends on the three key signaling pathways Ca++, Erk, and NF-κB. Upon overex-
pression, miR-20a negatively regulates TCR-mediated signaling by inhibiting the phosphoryla-
tion of ZAP70, LAT, PLC-γ and Erk and also CD69 expression. These data corroborate
previous observations suggesting that miR-17 and miR-20a repress transcriptional activation
in the Jurkat T-cell line [20]. To confirm the role of miR-20a in T cell activation, we suppressed

Fig 6. miR-20a regulates cytokine production.Human naïve CD4+ T cells were transfected with plasmids
encoding either miR-20a or miR-control (miR-Ctrl). 16 h after transfection, cells were stimulated with plate-
bound CD3 and CD28. 48 h after stimulation, supernatants were collected and cytokines were measured by
ELISA. Graphs in (A) show relative cytokine levels frommiR-20a overexpressing cells compared to miR-
control. Graphs in (B) show the absolute values of cytokine concentration, in pg/mL, from individual
experiments. Data expressed as arbitrary units ± SEM of at least 4 independent experiments. Significat P
values were done by using Student’s t Test. (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

doi:10.1371/journal.pone.0125311.g006
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its expression by DNA decoys. Suppression of miR-20a moderately increased the phosphoryla-
tion of different signaling molecules upon TCR stimulation. These results are in agreement
with the overexpression data and support the hypothesis that miR-20a is a negative regulator
of TCR-mediated signaling. Nevertheless, the observed differences between decoy- and scram-
bled-treated CD4+ T cells are only minor. We propose that this could either be due to the rapid
re-expression of miR-20a upon TCR stimulation or to redundancy among members of the
miR17-92 cluster and its paralogs (miR-106a-363 and miR-106b-25). Indeed, it has been
shown that miR-20a functionally overlaps with miR-17, miR-106a, or miR-106b in macro-
phages, myeloid, and neuronal cells [33–36]. Additionally, the seed region, which is crucial for
the recognition of the mRNA target, is highly conserved among miR-17, miR-20a, miR-20b,
miR-93, miR-106a, and miR-106b [13].

Despite defective TCR-mediated signaling and CD69 expression, overexpression of miR-
20a did not affect T-cell proliferation. The latter observation is in line with normal upregula-
tion of CD25 and the almost comparable levels of IL-2 production in miR-20a overexpressing
vs. control cells. Moreover, these observations also corroborate previous data showing that
miR-19b, but not miR-20a, regulates mouse CD4+ T-cell proliferation upon antigen stimula-
tion [19]. We additionally investigated whether miR-20a is involved in cytokine production.
We have found that miR-20a inhibits the secretion of cytokines such as IL-6, IL-8 and IL-10.
Therefore, we favor the hypothesis that miR-20a is not involved in the regulation of T-cell pro-
liferation but rather in the cytokine production in CD4+ T cells. A number of studies have
demonstrated that TCR-dependent signal strength regulates T-cell polarization [37–39]. The
regulation of the magnitude or the duration of signaling is used in many biological systems to
control cell fate decisions [40]. Thus, we hypothesize that miR-20a may be a part of the cell ma-
chinery that translates quantitative differences in TCR signaling into qualitative regulation of
CD4+ T-cell cytokine secretion.

Under non-polarizing conditions, we observed that miR-20a moderately decreased the pro-
duction of IL-8, which is known as chemotactic factor [41,42]. Therefore, we suspect that miR-
20a may limit the recruitment of inflammatory cells at the site of inflammation. Interestingly, a
previous study showed that IL-8 is a target of miR-17 and miR-20a in breast cancer cell lines
[43]. Thus, IL-8, which has been shown to promote pro-inflammatory response, is a target of
miR-20a not only in T cells.

Also IL-6 production was suppressed upon miR-20a overexpression. Upon infection, IL-6
production strongly contributes to host defense. However, elevated levels of IL-6 are associated
with the development of chronic autoimmune and inflammatory diseases such as rheumatoid
arthritis, Crohn´s disease, and Castleman´s disease. Indeed, the blockade of the IL-6/IL-6R sig-
naling axis using tocilizumab, a humanized anti-IL-6R antibody, has become a therapeutic op-
tion to treat autoimmune diseases [44, 45]. IL-6 is produced not only by innate immune cells
but also by CD4+ effector helper T cells. Several effects of IL-6 on CD4+ T cells have been de-
scribed including the promotion of cell survival, differentiation of Th2 and Th17 cells, the inhi-
bition of Th1 differentiation, and the stimulation of antibody production by B cells [46].

In contrast to the mild effect on IL-2, IL-6, and IL-8 secretion, miR-20a appears to strongly
suppress IL-10 production in human naïve CD4+ T cells. It is important to mention that IL-10
concentration is also decreased upon ectopic expression of miR-17 and miR-20a in breast can-
cer cell lines [43]. IL-10 possesses anti-inflammatory properties [47–49]. IL-10-deficient mice
exhibit prolonged inflammatory responses under a variety of experimental conditions, whereas
in humans the levels of IL-10 inversely correlate with the severity of autoimmune diseases. Dif-
ferent immune cells release IL-10 including macrophages, B cells, CD8+ and CD4+ T cells. IL-
10 enhances the suppressiveness of Treg subsets, attenuates the pathogenicity of Th17 cells,
and inhibits both Th1 and Th2 responses [48].
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Thus, our data suggest that miR-20a alone is a regulator of cytokine production in naïve
CD4+ human T cells and hence may play an important role in the homeostasis of the adaptive
immune system. How miR-20a regulates interleukin production is not yet clear. It has been
shown that the TCR-mediated production of IL-2 and IL-6 depends on Erk1/2 and Ca++ sig-
naling [50]. Similarly, IL-10 secretion in CD4+ T cells also depends on TCR-mediated Erk1/2
activity [51]. In addition, it has also been shown that p38 mediates the expression of IL-10 in T
cells [52, 53]. Based on the observation that Erk1/2, and Ca++, and p38 signaling are all altered
upon miR-20a overexpression, we hypothesize that miR-20a may regulate cytokine production
at least in part via TCR-mediated signaling. Nevertheless, we do not exclude the possibility that
miR-20a may also regulate cytokine production via mechanisms which are independent on
TCR signaling, for example by directly targeting cytokine transcripts.

One of the important findings of our work is that miR-20a inhibits TCR signaling at a very
proximal level. PTEN has been shown as a validated target of miR-17-92 cluster [15]. PTEN is
a crucial regulator of proximal signaling also in T cells [54] and hence it could represent an
ideal target candidate for the regulation of TCR signaling mediated by miR-20a. However we
did not observe any change in PTEN upon miR-20a overexpression in T cells, which appears
rather to be a target of miR-17 and miR-19b, as suggested by recent data in mouse CD4+ T
cells [19, 32]. STAT3 has been shown to be a target of miR-20a in HEK 293 and RAW 264.7
cell lines [55]. Similarly to PTEN, we also did not find alterations in STAT3 expression upon
miR-20a overexpression.

Interestingly, a recent study has demonstrated that the miR-17-92 cluster regulates B-cell re-
ceptor signaling [56]. The data suggest that this cluster targets CD22 and FCGR2B, two immu-
noreceptor tyrosine inhibitory motif (ITIM)-containing proteins. miR-17-92 expression is
required for the phosphorylation of Syk and BLNK and Ca++ flux upon BCR stimulation.
Therefore, it is also plausible that this cluster regulates TCR signaling. Collectively, it appears
that members of the miR-17-92 cluster have different targets and diverse functions in different
cell types and may be even in different species.

In conclusion, we have shown for the first time that miR-20a negatively regulates TCR-me-
diated signaling and cytokine production. Thus, miR-20a represents a novel potential target for
the modulation of inflammatory conditions, for the treatment of autoimmune diseases, and for
the regulation of antibody responses. Further studies using in vivomodels and the identifica-
tion of the molecular targets of miR-20a are required to shed more light onto the physiological
function of miR-20a and onto the mechanism of its action.
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